IFNg is a potent immunomodulator which plays important roles in host defense. IFNg modulates transcription of growth-related genes [N-myc downstream regulator 1, growth arrest and DNA damage inducible g and inhibitor of DNA binding 2 (Id2)], which is followed by increased growth suppression in the mouse hepatoma cell line, H6. Further studies revealed modulation of genes involved in oxidative and nitrosative stress (iNos, gp91phox and Catalase) and increased generation of reactive oxygen species (ROS) and reactive nitrogen intermediates (RNIs) upon IFNg treatment. High amounts of ROS and RNI are responsible for IFNg-mediated reduction in cell growth as this process is blocked, using either diphenylene iodonium (DPI), an inhibitor of flavin-containing NADPH oxidases, or N-methyl L-arginine (LNMA), an inhibitor of nitric oxide synthase. Based on studies with LNMA and DPI, IFNg-modulated genes can be categorized into two distinct sets: oxidative and nitrosative stress independent (transporter associated with antigen processing 2, Cd80, Lmp10 and Icosl) and oxidative and nitrosative stress dependent (iNos, gp91phox, Catalase and Id2). In addition, DPI or LNMA blocked IFNg-induced activation of Ras, demonstrating the involvement of oxidative and nitrosative stress. Manumycin A, a farnesyl transferase inhibitor, blocked Ras activation and reduced NADPH oxidase activity and ROS amounts leading to increased cell growth in the presence of IFNg. Notably, the IFNg-induced MHC class I levels are not modulated in cells treated with DPI, LNMA or manumycin A. Together, these results delineate the role of high amounts of ROS, RNI and Ras activation in modulating expression of some genes and, thereby, function by IFNg. The implications of these results during modulation of immune responses by IFNg are discussed.
Introduction
IFNc is a type II IFN produced, primarily, by NK cells and T cells which plays important roles during host defense. Ifnc À/À mice are very sensitive to infection by several pathogens, including Mycobacterium tuberculosis. Also, humans lacking IFNc or its receptor display a similar phenotype and are susceptible to mycobacterial infections (1) . Apart from modulating host immunity, IFNc causes pleiotropic effects and modulates inflammatory responses, cell growth and survival (2, 3) .
IFNc employs the Janus kinase (Jak)-signal transducers and activators of transcription coactivator (Stat) pathway to signal from the cell-surface receptor to modulate transcriptional activation of several genes. Jak1, a non-receptor protein tyrosine kinase, phosphorylates IFNc receptors which generate a binding site for Stat1, a transcriptional coactivator (4, 5) . After phosphorylation, Stat1 dimers dissociate from the receptor and translocate to the nucleus and bind to a motif known as the gamma-IFN-activated site (Gas): TTNCNNNAA. Gas sequences are present in several primary responsive IFNc-modulated genes and Stat1 enhances transcriptional activation by recruiting several transcriptional coactivators (6) (7) (8) . Cellular responses mediated by IFNc are, primarily, due to modulation of gene expression. Therefore, identification and studying roles of IFN-stimulated genes (ISGs) during immune responses are an active area of investigation (2, (9) (10) (11) (12) (13) . IFN-modulated genes can be further classified into primary responsive or secondary responsive genes. Primary responsive genes are induced early due to the binding of the Stat1 dimer to Gas elements present in promoters of genes, e.g. Irf1. The secondary responsive genes are induced following the binding of Irf1 to their promoters (2) . Although IFNc signaling has been studied for several years, accumulating evidences clearly demonstrate the roles of multiple pathways that coordinate to generate functional responses (4) . Most IFNc-responsive genes are dependent on Stat1 although some genes are Stat1 independent (14) . Breast cancer 1 (BRCA1), the tumor suppressor, together with Stat1 differentially activates a subset of ISGs (7) . Also, IFNc has been shown to activate a subset of genes in an IjB kinase-dependent manner (15) . Further studies are required to fully comprehend IFNc signaling and the cross-talk that occurs between several pathways.
One of the potent effects of IFNc is its growth-suppressive effect. It induces the cyclin-dependent kinase (CDK) inhibitor p21waf1/CIP1 and p27Kip1 which interfere with the actions of CDKs and prevents hyperphosphorylation of Rb and entry into the S phase of the cell cycle (16) (17) (18) (19) . Also, recruitment of BRCA1 by Stat1 results in activation of the CDK inhibitor, p21 waf1, which may be involved in the induction of the growthsuppressive effects of IFNc (7) . Another mechanism may involve reduction in telomerase activity and telomerase reverse transcriptase (RT) (20) . The role of IFNc in inhibiting cellular proliferation may be physiologically important. For example, in a model of experimental autoimmune encephalomyelitis, Ifnc À/À mice accumulate 10-to 16-fold more activated T cells compared with wild type (21) . Also, mice lacking IFNc develop more tumors compared with wild-type mice (22) (23) (24) . IFNc enhances the immunogenicity of tumor cells that are recognized and eliminated by the host defense. This may be due to increased immune responses, e.g. by enhancing expression of MHC class I (MHC-I) antigen-processing pathway or increased NK activity; in fact, basal NK activity is lowered in mice lacking IFNc (25) . Alternately, IFNc may directly inhibit tumors due to its growth-suppressive effect (26) . Despite numerous studies on the growth-suppressive actions of IFNc, the role of oxidative and nitrosative stress in this process is not well appreciated. We studied IFNc-induced gene expression and functional responses in the mouse hepatoma cell line, H6, which greatly enhances the expression of genes involved in the MHC-I assembly pathway (27) . In this study, the crucial role of oxidative and nitrosative stress in modulating expression of distinct sets of genes involved in some functions mediated by IFNc is demonstrated.
Methods
Cell culture H6 cells (hepatoma, H-2 a ) were cultured in RPMI 1640 medium containing 25 mM HEPES (Sigma, St Louis, MO, USA), 5% heat-inactivated FCS (Sigma), 5 lM b-mercaptoethanol (Sigma), 100 lg ml À1 penicillin, 250 lg ml À1 streptomycin, 50 lg ml À1 gentamycin (HiMedia Laboratories, Mumbai, India) and 2 mM glutamine (Life Technologies, Gaithersburg, MD, USA) at 37°C in the presence of 5% CO 2 in an incubator (Sanyo, UK).
Reagents and antibodies
IFNc (recombinant mouse IFNc expressed in Escherichia coli) from PeproTech, Israel, was titrated and used at ;40 U ml À1 for all experiments. Culture supernatants from hybridomas secreting mAbs to detect MHC-I: 11-4-1 (TIB 95; anti-K k,p,q,r ) and 34-2-12S (HB-87; anti-D d , a3 domain) as previously described (27) . FITC-labeled goat anti-mouse secondary antibodies and peroxidase-conjugated goat anti-mouse antibodies were obtained from Jackson Immunoresearch Laboratories, West Grove, PA, USA. N-methyl L-arginine (LNMA), diphenylene iodonium (DPI), horse heart mitochondrial ferricytochrome c, superoxide dismutase, PBS, NADPH, sulfanilamide and naphthylethylenediamine dihydrochloride were obtained from Sigma whereas 2#,7#-dichlorofluorescein diacetate (DCFDA), catalase and manumycin A were purchased from Calbiochem, La Jolla, CA, USA.
RNA isolation and RT-PCRs
Total RNA was extracted from 1 3 10 6 cells using 1 ml of TRI reagent (Sigma) according to the manufacturer's instructions. Two micrograms of total RNA was reverse transcribed using 50 U of MMLV-RT (MBI Fermentas, Ontario, Canada) and oligo dT (12-18mer) primer (Amersham Pharmacia, Piscataway, NJ, USA) in a 25 ll volume. cDNA (1 ll) was used as template for PCR amplification in buffer containing 0.4 lM of each primer, 500 lM of deoxynucleoside triphosphate mix and 0.25 U of Taq polymerase (Bangalore Genei, India). Gene-specific PCR amplification was carried out at specific temperature and cycles using specific sets of primers ( Table  1) . The amplified PCR products were fractionated on 1.5% agarose gels and visualized by ethidium bromide staining.
To quantitate the modulation of IFNc-induced gene expression, semi-quantitative PCR was performed using 25-40 cycles followed by a final extension at 72°C for 5 min (27) . The number of cycles was determined empirically based on amounts of individual PCR products. The band intensities were quantified using Image Gauge software, Science Lab 2003 (Fujifilm, Japan). To calculate the relative abundance of transcripts, the intensity of each band was plotted against the number of cycles and slope values were determined. After normalizing the slopes with Hprt, the relative induction under each treatment condition was compared with uninduced H6 cells. Modulation by IFNc of different genes was studied using independent cDNAs and the mean 6 SE was determined.
Cell-surface marker analysis
The expression of MHC-I was determined by flow cytometry, as described previously (27) . H6 cells were incubated at 37°C in RPMI in the presence of 5% FCS, alone or with IFNc for different time periods. After these treatments, ;5 3 10 5 cells were centrifuged and incubated with optimal amounts of primary mAbs for 30 min at 4°C. Cells were washed and incubated with appropriate amounts of secondary antibodies for 30 min at 4°C. Subsequently, cells were washed with FACS buffer and fixed with 0.5 ml of 1% PFA at 4°C. Analysis was performed on a Becton Dickinson FACScan TM flow cytometer and CellQuest (Becton Dickinson) software was used for acquisition. WinList (Verity, Topsham, ME, USA) software was used to calculate mean fluorescence intensity and percentage of cells staining positive with primary mAbs, after subtraction with the isotype control.
Measurement of reactive oxygen species levels
The production of peroxides, peroxynitrites and other reactive oxygen species (ROS) was measured using the oxidationsensitive fluorescent dye, DCFDA. This compound is a cellpermeable non-fluorescent probe which, after entering cells, is deacetylated by intracellular esterases and upon oxidation by excess ROS intermediates is converted to a highly fluorescent compound. Cells were washed with RPMI and were incubated with 3 lM DCFDA for 20 min at 37°C and acquired on the FACScan (28).
NADPH oxidase assay
H6 cells treated under different conditions were washed with PBS and centrifuged for 10 min. The cell pellet was resuspended in lysis buffer [10 mM Tris, 10 mM ethyleneglycolbis(aminoethylether)-tetraacetic acid (EGTA), 10 mM EDTA, 1 mM Na-orthovanadate and protease inhibitors, 0.2 mM phenylmethylsulfonylfluoride, 0.33 M leupeptin and 4.8 TIU aprotinin]. Cells were sonicated lightly ;6 s twice and the lysate was centrifuged at 4°C at 2400 3 g for 10 min and the cell supernatant containing the membrane fractions was collected for the assay. The protein content of the supernatant was detected by Bradford's reagent. Twenty micrograms of the sample was mixed and incubated at 37°C for 5 min in buffer containing 20 mM K 2 PO 4 , pH 7.0, 1 mM EGTA, 7.6 mM MgCl 2 , 10 lM flavin adenine dinucleotide and 75 lM cytochrome c. The mixture was divided into two cuvettes, one containing superoxide dismutase at a final concentration of 400 U ml
À1
. The reaction was started by addition of 0.2 mM NADPH to both cuvettes and the absorbance changes were monitored continuously at 550 nm by a UV spectrophotometer (Shimadzu). O 2 À production was calculated using linear slope values and an extinction coefficient for cytochrome c of 21 mM À1 cm
. The specific activity was expressed as lM of O 2 .
À per min per mg protein (29, 30) .
Catalase activity assay
Cells were harvested, washed three to four times with PBS and centrifuged at 600 3 g for 5 min and the pellet was resuspended in phosphate buffer solution (pH 7.0). The cells were sonicated and the cell lysate was centrifuged at 6000 3 g for 20 to 30 min at 4°C. The supernatant was collected and assayed for catalase activity using 20 lg of total protein (31) . This assay was performed at 25°C in a 1 ml of the reaction volume containing clear cell lysates, 100 mM phosphate buffer (pH 7) and 10 mM H 2 O 2 . The decomposition of H 2 O 2 was monitored by decrease in absorbance at 240 nm. The enzyme activity was expressed as lM H 2 O 2 decrease per min per mg protein.
Ras activation assay
H6 cells were treated under different conditions, washed twice with ice cold PBS and lysed using buffer containing 25 mM HEPES pH 7.5, 150 mM NaCl, 1% NP-40, 10 mM MgCl 2 , 1 mM EDTA, 10% glycerol, 10 lg ml À1 aprotinin, 10 lg ml À1 leupeptin, 25 mM sodium fluoride and 1 mM sodium orthovanadate. The assay was performed according to the manufacturer's protocol (Upstate Cell Signaling Solutions, USA). Briefly, lysates were centrifuged at 14 000 3 g for 5 min at 4°C and the supernatants were collected. Approximately 0.5-1 ml of the cell extract was incubated with 5-10 lg of Raf1-Ras-binding domain (RBD) agarose (glutathione-S-transferase-RBD fusion protein corresponding to the human RBD, residues 1-149 of Raf1, expressed in E. coli, bound to glutathione agarose) that binds to Ras-GTP. The reaction mixture was kept at 4°C for 45 min with constant agitation, the agarose beads were pelleted by centrifugation (10 s, 14 000 3 g, 4°C), washed thrice, re-suspended in Laemmli-reducing sample buffer and boiled for 5 min. After centrifugation, the supernatant was loaded 20 ll of the mixture per lane on a 15% polyacrylamide gel. The protein was then transferred to a nitrocellulose membrane and probed with a mAb to Ras (1:2000) . Detection was performed using goat anti-mouse-HRP conjugate (Jackson Immunoresearch Laboratories) at 1:5000 dilution. Antigen-antibody complexes 
were detected using chemiluminescence (ECL detection, Millipore) and visualized on LAS-3000 (Fuji, Japan). Anti-GAPDH (Upstate Cell signaling Solutions) was used at 1:2000 dilution to verify equal protein loading per lane.
Nitrite quantitation
Griess reagent was used to measure nitrite as an indicator of NO, as described previously (32) . Cell culture supernatant (50 ll) from the cells, untreated and treated under different conditions, was transferred into 96-well flat-bottom microtiter plates. The amount of NO produced was measured as a function of nitrite detected by adding 100 ll of a mixture of 1% (w/v) sulfanilamide and 0.1% (w/v) naphthylethylenediamine dihydrochloride prepared in 2.5% phosphoric acid, i.e. Griess reagent. Simultaneously, a standard curve for nitrite was performed using 0.2-208 lM NaNO 2 and absorbances were read at 550 nm using a microtiter plate reader (Molecular Devices, Downingtown, PA USA). The linear range of detection was 3.25-208 lM.
Trypan blue exclusion assay
Adherent cells were detached using 100 ll of 0.5% trypsin-EDTA (Sigma) per well. An equal volume of 0.4% trypan blue was added and the cells were counted in a hemocytometer.
Cell cycle analysis
Cells (;5 3 10 4 ) were washed with PBS without CaCl 2 and fixed in 70% cold ethanol with continuous tapping to avoid clumping of cells. Cells were frozen at À20°C for at least 30 min. Cells were then washed thoroughly with PBS without CaCl 2 to remove excess ethanol and incubated with 100 lg ml À1 RNaseA for 30 min at room temperature. Cells were stained with 50 lg ml À1 of propidium iodide for at least 30 min at 37°C. Cells were then acquired on a FACScan on linear FL-2 settings. Gates were applied to measure the proportion of G0/G1 (n), G2/M (2n) and hypodiploid populations (33) .
Results

Transcriptional responses of well-characterized ISGs upon IFNc treatment
H6 cells were treated with IFNc for different time periods and the cell-surface levels of MHC-I, K k and D d , were studied. IFNc increased cell-surface expression of K k and D d and maximum induction was observed after 36-42 h (Fig. 1A) . Next, the transcriptional profile of well-characterized ISGs was studied (2) . For this purpose, the RNA levels of suppressor of cytokine signaling 1 (Socs1) (a Jak inhibitor), transporter associated with antigen processing 2 (Tap2) [a component of the transporter of antigen processing which transports peptides from the cytosol into the endoplasmic reticulum (ER) during MHC-I antigen processing] and Cd80 (a co-stimulatory ligand) were studied by RT-PCR. IFNc treatment increased Socs1 expression by 6 h whereas the expression of Tap2 and Cd80 was increased by 12 h (Fig. 1B) . Thus, H6 represents a cell culture system in which genes belonging to different functional responses/pathways are highly modulated in response to IFNc.
IFNc suppresses cell growth
Further studies involved screening for IFNc-modulated genes, using glass slides spotted with ;15 264 mouse expressed sequence tags derived from PCR amplification. These were obtained from the Microarray Centre, Clinical Genomics Centre, University Health Network, Toronto, Canada. As it is appropriate to validate microarray data, several genes identified during this screening process were confirmed by RT-PCR, using independent cDNAs. The transcript levels of some genes involved in cell cycle and survival was studied using RT-PCR ( Fig. 2A) . Growth arrest and DNA damage inducible c (Gadd45c) is induced during DNA damage and stress (34) . N-myc downstream regulator 1 (Ndr1) is a serine/threonine protein kinase family member implicated in regulation of cell division (35) . Inhibitor of DNA binding 2 (Id2) belongs to a family of proteins that are dominantnegative repressors of proteins belonging to the basic helix loop helix and the retinoblastoma families. Id2 inhibits the growth-suppressive activities of CDK inhibitors p16 and p21 (36) . IFNc treatment increased levels of Gadd45c and Ndr1. Concurrently, IFNc treatment decreased amounts of Id2. Overall, the transcriptional profile of the selected cell growth-regulated genes suggested that IFNc was growth suppressive.
The effect of IFNc on H6 cell cycling was further studied in a kinetic manner by propidium iodide staining (Fig. 2B) . Treatment of H6 cells with IFNc decreased numbers of cycling cells (G 2 /M population) at 36 h followed by a greater decrease at 42 h. Notably, the maximal increase in the hypodiploid population was observed at 42 h after IFNc treatment. Next, the viability of cells by IFNc treatment was assessed using trypan blue staining (Fig. 2C) . During early time points, i.e. until 24 h, no major difference in cell numbers was observed in untreated H6 cells with those treated with IFNc. However, decreased cell numbers were observed in cells treated with IFNc at later time points (36-42 h) , which demonstrated that IFNc decreased cell growth.
Transcriptional profiles of genes involved in oxidative and nitrosative stress upon IFNc treatment Stress-related signaling pathways and redox imbalances are known to be associated with cell death (37, 38) . Therefore, the relative transcriptional levels of genes encoding some antioxidant enzymes were studied. NADPH oxidase consists of cytosolic (p40phox, p47phox and p67phox) and membrane-bound flavocytochrome b558 consisting of a heterodimer of p22phox and gp91phox. Importantly, IFNc enhances the expression of gp91phox and p67phox and this enzyme plays a major role in killing microbes engulfed during phagocytosis. On activation, the cytosolic components migrate and are assembled in the membrane to form active NADPH oxidase (39, 40) . The inducible form of nitric oxide synthase (NOS), also called immune nitric oxide synthase (iNOS), is present in antigen-presenting cells (APCs) and converts L-arginine into L-citrulline and NO. This enzyme is strongly induced by IFNc and LPS. NO reacts with inorganic molecules, e.g. NO can combine with O 2 À to form peroxinitrite (ONOO À ), a potent oxidizing agent. Also, it reacts with pyrimidine bases in DNA, heme prosthetic groups (iron of the heme moiety of soluble guanyl cyclase) and proteins, leading to S-nitrosylation of thiol (S-NO) containing amino acids, nitration of tyrosine (O-NO) or disruption of iron sulphide or Zn-finger domains. Thus, NO modulates the activity of key molecules, enzymes and transcription factors (39) . Catalase is a key component of the cellular antioxidant defense network. It is localized in the peroxisomes and catalyzes the conversion of H 2 O 2 , a harmful oxidizing agent, to water and molecular oxygen. The regulated expression of catalase is critical for ROS homeostasis (41) . IFNc treatment decreased levels of Catalase whereas increased levels of iNos and gp91phox were observed (Fig. 3A) . These results suggested that IFNc could increase ROS and reactive nitrogen intermediate (RNI) amounts and reduced antioxidant defenses. Together, these would gear cells toward oxidative and nitrosative stress.
The above observations led to quantitation of amounts of ROS and RNI in cells treated with IFNc. Nitrite amounts were not detected in unstimulated H6 cells. However, upon IFNc treatment, nitrite amounts increased greatly within 24 h (Fig. 3B) . The amounts of ROS were studied using the oxidation-sensitive florescent dye, DCFDA. ROS amounts increased with IFNc treatment and maximal amounts were observed at 42 h (Fig. 3C) . As observed in Fig. 3(D) , NADPH oxidase activity greatly increased after 24 h of IFNc treatment. Most likely, NADPH oxidase is activated by IFNc, which increased cellular ROS. In keeping with the gene expression of Catalase in the presence of IFNc, catalase activity was reduced in a time-dependent manner (Fig. 3E) . 
Inhibitors of NOS and NADPH oxidase rescue IFNc-mediated cell death
To investigate the functional role of oxidative and nitrosative stress during IFNc-mediated cell death, experiments were designed to inhibit the production of excess ROS and RNI in IFNc-treated H6 cells. Pre-treatment of H6 cells with DPI, an inhibitor of flavin-containing NADPH oxidases, rescued the cell viability of IFNc-treated cells in a dose-dependent manner (Fig. 4A) . A similar rescue in cell viability was observed in cells pre-treated with LNMA, an uncleavable form of arginine which is the substrate of NOS and acts as a competitive inhibitor. These studies clearly demonstrated a functional role of excess ROS and RNI during IFNc-mediated reduced cell growth and survival.
To investigate whether the modulation of gene expression by IFNc was directly due to IFNc signaling or due to a secondary response to oxidative and nitrosative stress, the transcriptional profiles were studied in cells induced with IFNc, in the presence or absence of LNMA and DPI. Tap2 levels were up-regulated by IFNc and pre-treatment with either LNMA or DPI did not modulate its induction (Fig. 4B) . Similar results were observed during IFNc-mediated transcriptional responses of genes belonging to this set, i.e. IFNc modulated and oxidative and nitrosative stress independent: Cd80, Icosl and Lmp10. On the other hand, iNos was induced by IFNc; however, pre-incubation with LNMA or DPI greatly reduced IFNc-induced iNos. These results demonstrate that induction of iNos by IFNc required ROS and RNI which act as positive regulators. This pattern was also observed for genes belonging to this set, i.e. IFNc and oxidative and nitrosative stress dependent: Gadd45c, gp91phox, Catalase and Id2. Next, the amounts of IFNc-induced ROS and RNI were determined after pre-treatment with DPI and LNMA. Increased amounts of nitrite and ROS were severely reduced in cells treated with IFNc and DPI or LNMA (Fig. 4C) . Overall, the kinetics of gene expression (12 h) correlated with generation of excess ROS/RNI (24-36 h) followed by decreased cell growth and survival observed 36-42 h after IFNc treatment.
Expression and functional roles of IFNc-induced Ras activation
In order to gain further mechanistic insights into the IFNcinduced growth suppression, the role of Ras was investigated. Ras is a member of the Ras superfamily of monomeric small GTP-binding proteins. Its active form is localized in the inner face of the plasma membrane by the C-terminal-S-farnesylcysteine. Ras activates multiple signaling cascades involved in growth, differentiation, stress response and senescence. It has been shown to modulate cellular amounts of ROS leading to modulation of cell proliferation (42) (43) (44) (45) . First, the kinetics of Ras activation by IFNc was studied in this system. H6 cells were treated with IFNc for different time intervals and Ras-GTP amounts were assessed by western blot analysis. Increase in active Ras was detected as early as 12 h and was sustained until 36 h after IFNc treatment (Fig. 5A) . In order to determine whether activation of Ras is related to the increased ROS and RNI, the levels of Ras-GTP were determined in cells treated with DPI and LNMA along with IFNc. In addition, the effect of manumycin A, a farnesyl transferase inhibitor, which inhibits the farnesylation of the C-terminal region of Ras protein resulting in the failure of Ras to bind to the plasma membrane (43) , alone or along with IFNc was also studied. Manumycin A was effective as Ras-GTP was not detected in cells treated with this inhibitor and IFNc.
Importantly, Ras-GTP amounts were not observed in cells treated with IFNc and DPI or LNMA, suggesting that IFNc-mediated Ras activation is dependent on ROS and RNI (Fig. 5B) .
Next, the effect of Ras inhibition on cell survival and functions was studied. To ensure that the efficacies of inhibiting different pathways were compared, experiments were designed to also study the effects of DPI and LNMA. Cells were treated with IFNc and different doses of manumycin A for 36 h. The optimal amount of manumycin A that rescued cell viability was ;2.5 lM (Fig. 6A) ; however, the enhancement of cell viability was less compared with DPI and LNMA. These results demonstrated that Ras was playing a role during IFNc-mediated growth suppression. The transcript levels of IFNc induced but oxidative and nitrosative stress independent were not modulated by manumycin A (Fig. 6B) . Furthermore, pre-treatment with manumycin A, DPI or LNMA did not affect the induction of MHC-I, D d and K k , by IFNc (Fig. 6C) , which is consistent with gene expression patterns. These results demonstrate that excess generation of ROS/RNI and Ras activation does not modulate IFNc-induced MHC-I cell-surface expression. Next, the effect of manumycin A was studied on the expression of genes modulated by oxidative and nitrosative stress. Although LNMA and DPI reduced IFNc-induced iNos, no significant modulation was observed with manumycin A (Fig. 7A) . However, the expression of IFNc-induced gp91phox transcript was slightly reduced with manumycin A. IFNc decreased Catalase and Id2 transcripts and all three inhibitors were equally effective in reversing this effect. To address the functional roles of inhibition of Ras activation by IFNc, the cellular amounts of IFNc-induced RNI and ROS were determined. Consistent with gene expression studies, LNMA and DPI reduced IFNc-induced nitrite production; however, a slight reduction in nitrite levels was observed with manumycin A (Fig. 7B) . However, manumycin A greatly reduced IFNc-induced ROS amounts (Fig. 7C) . Most likely, the reduction in IFNc-induced ROS was due to decreased activation of NADPH activation due to inhibition of Ras activation (Fig. 7D) , as previously reported (46) . The decrease in catalase activity by IFNc was reversed by all three inhibitors to a similar extent (Fig. 7D) . Together, these experiments clearly demonstrate a differential role of Ras in delinking the generation of IFNc-induced RNI versus ROS.
Discussion
The observation that genes involved in growth of H6 cells were modulated by IFNc led us to investigate the mechanisms involved. Transcriptional profiling of enzymes involved in regulating cellular oxidative and nitrosative stress demonstrated that IFNc induced expression of iNos and gp91phox but decreased levels of Catalase. Antioxidant defenses are increased by catalase (41) and its down modulation by IFNc probably rendered H6 more sensitive to oxidative and nitrosative stress. IFNc increased amounts of nitrite, NADPH oxidase activity and cellular ROS; however, it decreased catalase activity (Fig. 3) . Most likely, the molecular sources of IFNc increased amounts of NO and O 2 À are iNOS and activated NADPH oxidase. The expression kinetics of IFNc-modulated genes agreed well with functional responses of H6 cells to IFNc. Although IFNc-mediated cell death occurred at later time points (36-42 h), the molecular signatures were seen early, i.e. by 12 h. IFNc reduced cell growth and survival was blocked using either DPI or LNMA, demonstrating the crucial functional role of high amounts of ROS and RNI in this process (Fig. 4) .
In primary cultured hepatocytes, IFNc induces high amounts of ROS in an IFN regulatory factor (IRF1)-independent manner; however, generation of high amounts of ROS is insufficient to induce cell death and a combination of oxidative and ER stress is required to induce apoptosis (47) . In the H6 cell culture system, high amounts of ROS and RNI together, but not singly, enhanced transcriptional activation of a subset of IFNc-responsive genes. Reports in the literature have demonstrated that NO is either a negative (48, 49) or a positive (50) regulator of iNos transcriptional activation. Also, inhibition of excess ROS using DPI reduces iNos transcriptional activation upon activation with IL-1 (51) or the combination of LPS and IFNc (52) . Induction of oxidative stress alone is known to enhance iNOS expression at RNA and protein levels in rat liver (53) . Finally, NO amounts are lowered in gp91phox À/À cells treated with IFNc and/or LPS (52, 54, 55) . Importantly, blockade of NO using LNMA or microglial cells, which are resident macrophages in the central nervous system, from iNos À/À mice produce lower amounts of ROS upon LPS activation (55) . Our data support the role of ROS and RNI as positive activators of iNos transcription. In addition, this study demonstrates that ROS and RNI were required for IFNc-modulated transcription of several other genes, including gp91phox, Catalase and Id2. Also, macrophages from mice lacking iNos or gp91phox display distinct gene expression profiles compared with wild-type macrophages in response to IFNc and/or M. tuberculosis (11) . Although maximal amounts of ROS and RNI were observed after ;36 h of activation (Fig. 3) , the modulation of gene expression by IFNc was observed after 12 h of activation (Figs. 1-3) . In fact, addition of DPI or LNMA at À1, 0 or up to 6 h after incubation with IFNc did not reduce their efficacy in rescuing survival; however, addition of these compounds 24 h after IFNc incubation greatly reduced their efficacy (data not shown). These data strongly suggest that cellular oxidative and nitrosative stress was initiated early (i.e. by 12 h), resulting in modulation of expression of some genes by IFNc. The modulation of the oxidative and nitrosative stress-dependent set of IFNc-modulated genes increased levels of ROS and RNI, resulting in decreased cell growth and survival (Fig. 8) . Together, this study clearly demonstrates the crucial role of increased oxidative and nitrosative stress in modulating expression of some genes and functions by IFNc.
Previous studies have described the relationship between Ras and induction of ROS and RNI. Ras has been shown to induce ROS which increases (42, 43) or reduces (44, 45) cell proliferation. This discrepancy can be attributed to the type of Ras-induced ROS, i.e. signaling or stress induced. Therefore, Ras induction of signaling ROS results in cell proliferation (42, 43) ; however, excess generation of ROS induced by Ras activation, probably due to NADPH activation À1 of IFNc. Cell lysates were prepared and Ras-GTP was bound to glutathione-S-transferase-RBD agarose followed by immunoblotting with mAb to Ras. GAPDH was used as a control for the amount of protein loaded. (B) Cells were treated with IFNc alone or pretreated along with 2.5 lM manumycin A, 0.5 lM DPI or 500 lM LNMA for 36 h and assayed for the amount of activated Ras. The data are representative of one of the three independent experiments performed. (44, 45) , leads to cellular senescence or death. In the H6 system, it appears that the Ras-induced ROS belongs to the latter category. IFNc-mediated Ras activation was dependent on the early generation of oxidative and nitrosative stress (Fig. 5) . Also, high amounts of cellular ROS are known to stabilize activated Ras probably due to reduced degradation (44, 45) . Manumycin A marginally reduced IFNc-induced nitrite amounts; however, it greatly reduced IFNcinduced NADPH activity and cellular ROS amounts (Fig. 6) and rescued cell viability. Together, the evidence demonstrates that the early generation of ROS and RNI by IFNc-activated Ras which, in turn, enhanced the activity of NADPH oxidase leading to greater amounts of cellular ROS (Fig. 8) .
Conflicting reports exist in literature regarding the role Ras plays in modulating iNOS. A dominant-negative mutant of Ras has been shown to inhibit the iNOS expression in astrocytes (56) . Also, injection of a Ras inhibitor in mice reduced inflammatory responses and NO amounts (57) . On the other hand, the induction of iNos by IFNc and LPS is independent of Ras activation in rat C6 glioma cells (58) . Our study demonstrates that Ras activation does not play a major role during IFNc-induced nitrite production (Fig. 7) . Notably, it was possible to rescue IFNc-mediated growth suppression in the presence of nitrite, as observed with the effects of manumycin A (Figs 6 and 7) . These results suggest that ROS may play the dominant role compared with RNI in mediating growth suppression by IFNc. However, the efficiency of manumycin A was less compared with DPI or LNMA ( Figs 6 and  7) ; therefore, both RNI and ROS are the key mediators of the IFNc-mediated growth suppression (Fig. 8) .
Bioinformatics analysis of the promoters of some genes modulated by IFNc revealed the presence of Gas sequences: Socs1, iNos, Id2 and Gadd45c (data not shown). Gene expression studies were performed 12 h after IFNc treatment and it is possible that there are multiple regulatory networks operating to modulate IFNc-induced gene expression. This study clearly documents the existence of at least three categories of IFNc-responsive genes: the first is the oxidative and nitrosative stress independent (e.g. Tap2, Lmp10, Cd80 and Icosl). The oxidative and nitrosative stress-dependent (iNos, gp91phox, Catalase and Id2) category can be further classified into further subsets, based on studies with maumycin A. The major effect of manumycin A was to reduce NADPH activation and cellular ROS amounts (Fig. 7) . Gene expression studies demonstrated that inhibition of Ras did not affect IFNc-induced iNos; however, DPI or LNMA greatly reduced IFNc-induced iNos and gp91phox. Interestingly, all three inhibitors, LNMA, DPI or manumcyin A rescued IFNcmodulated expression of Catalase and Id2. These observations suggest that expression of some IFNc-modulated genes may depend on critical amounts and/or ratios of RNI and ROS. Therefore, expression of one category of genes, e.g. iNos, may occur in the presence of low amounts of ROS and RNI, together with IFNc signaling. These genes are modulated by DPI or LNMA but not by manumycin A, in the presence of IFNc. The other category of genes requires IFNc in combination with high amounts of RNI and ROS, e.g. Catalase and Id2. Therefore, a slight reduction in the amounts of cellular ROS and RNI may result in loss in IFNc modulation of gene expression. Further studies are required to A feedback role for NO in IFNc signaling has also been proposed as high levels of NO nitrosylate Stat1 leading to lower IFNc signaling (59) . ROS and RNI species are known to be involved in intracellular signaling events (60) and it is possible that blocking the generation of these free radicals reduced IFNc signaling and enhanced cell growth. There have also been reports of Ras enhancing Stat1 activation (61) or reducing IFNc-mediated signaling and global gene expression, i.e. by reducing Stat1/2 and IRF1 activation (62) and reducing MHC expression (63) . It is unlikely that ROS/ RNI or Ras activation are globally reducing IFNc signaling in this system: first, IFNc-induced gene expression of several genes were unaffected in the presence of DPI or LNMA, e.g. Tap2, Cd80, Icosl and Lmp10 (Fig. 6) . Second, IFNc-induced cell-surface MHC-I expression was not significantly modulated in the presence of LNMA, DPI or manumycin A (Fig. 6 ). This study demonstrates that subsets of genes are modulated and some functions are regulated by oxidative and nitrosative stress in combination with IFNc signaling.
IFNc is known to increase ROS and RNI amounts which greatly inhibit intracellular replication of microbes. For example, H 2 O 2 synergizes with NO to greatly reduce the number of viable E. coli (64) . The individual contributions of ROS and RNI in mediating the host response to different pathogens may vary: iNOS plays the major role during M. tuberculosis infection (11) whereas both iNOS and NADPH oxidase are involved in controlling Salmonella typhimurium infection (65) . Mice lacking both iNos and gp91phox are extremely sensitive to infections by commensal microbes and develop massive abscesses of internal organs. This phenotype is not observed in mice lacking either iNos or gp91phox and demonstrates the crucial roles of both ROS and RNI in encoding host resistance (65) . The functional roles of oxidative and nitrosative stress-modulated IFNc-responsive genes may depend on the type of immune response. For example, high amounts of IFNc-induced ONOO À increase the anti-microbial activity of APCs (66) . On the other hand, high levels of ONOO À enhance inflammatory responses, resulting in host tissue damage (55) . These results have implications for the role of antioxidants during immune responses. These compounds may lower the production of ROS/RNI and reduce the ability of macrophages to restrict the replication of intracellular pathogens (67, 68) . However, the use of antioxidants may be beneficial as they reduce excess inflammation-induced tissue damage (69, 70) . Together, these results underscore the importance of appropriate amounts of ROS and RNI generated during the immune response. This balance is crucial as sufficient amounts are required to restrict the replication of pathogens without causing excessive tissue damage in the host. Further studies utilizing this highly IFNc-inducible cell culture system described may identify novel mediators of oxidative and nitrosative stress. These studies may lead to a better understanding of signaling pathways and key mediators involved in generation of ROS and RNI in response to IFNc.
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